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Abstract
Background
Identifying hosts of blood-feeding insect vectors is crucial in understanding their role in dis-
ease transmission. Rhodesian human African trypanosomiasis (rHAT), also known as
acute sleeping sickness is caused by Trypanosoma brucei rhodesiense and transmitted by
tsetse flies. The disease is commonly associated with wilderness areas of east and south-
ern Africa. Such areas hold a diverse range of species which form communities of hosts for
disease maintenance. The relative importance of different wildlife hosts remains unclear.
This study quantified tsetse feeding preferences in a wilderness area of great host species
richness, Serengeti National Park, Tanzania, assessing tsetse feeding and host density
contemporaneously.
Methods
Glossina swynnertoni and G. pallidipes were collected from six study sites. Bloodmeal
sources were identified through matching Cytochrome B sequences amplified from blood-
meals from recently fed flies to published sequences. Densities of large mammal species in
each site were quantified, and feeding indices calculated to assess the relative selection or
avoidance of each host species by tsetse.
Results
The host species most commonly identified in G. swynnertoni bloodmeals, warthog (94/
220), buffalo (48/220) and giraffe (46/220), were found at relatively low densities (3-11/km2)
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and fed on up to 15 times more frequently than expected by their relative density. Wilde-
beest, zebra, impala and Thomson’s gazelle, found at the highest densities, were never
identified in bloodmeals. Commonly identified hosts for G. pallidipes were buffalo (26/46),
giraffe (9/46) and elephant (5/46).
Conclusions
This study is the first to quantify tsetse host range by molecular analysis of tsetse diet with
simultaneous assessment of host density in a wilderness area. Although G. swynnertoni
and G. pallidipes can feed on a range of species, they are highly selective. Many host spe-
cies are rarely fed on, despite being present in areas where tsetse are abundant. These
feeding patterns, along with the ability of key host species to maintain and transmit T. b.
rhodesiense, drive the epidemiology of rHAT in wilderness areas.
Introduction
For vector-borne diseases involving multiple host species, the contact rate between hosts and
vectors is a key factor in determining the contribution of individual host species to the reservoir
host community. Identifying host species in bloodmeals provides information about the host
species fed on, but studies rarely report the density of available host species.Without being
able to quantify the degree to which vectors are selecting or avoiding particular host species, it
is difficult to fully understand vector behaviour and complex vector-host-pathogen dynamics.
Human African trypanosomiasis (HAT) is caused in East and SouthernAfrica by the hemo-
flagellate Trypanosoma brucei rhodesiense transmitted by species of tsetse fly (Glossina spp).
Both domestic and wildlife host species play a role in HAT epidemiology [1,2]. T. b. rhodesiense
has been identified in a number of wildlife species, including bushbuck (Tragelaphus scriptus),
reedbuck (Redunca redunca), waterbuck (Kobus ellipsiprymnus), hartebeest (Alcephalus busela-
phus), warthog (Phacochoerus africanus), buffalo (Syncerus caffer), lion (Panthera leo) and
hyena (Crocuta crocuta)[3–10]. Whilst it is clear that wildlife are important in maintenance
and transmission of HAT, a lack of data has constrained any robust quantification of the
dynamics between host, vector and pathogen.Wilderness areas have been identified as a prior-
ity for understandingHAT transmission, as they are likely to present a challenge in terms of
future control [11].
In HAT, as in other multi-host vector-borne diseases, a range of species form a host com-
munity that maintains transmission, i.e. the HAT reservoir community [3,4]. However, the rel-
ative importance of different wildlife species in the overall transmission potential of the
community is not well understood. This key gap limits our knowledge of how human disease
risk might change, spatially or temporally, with different wildlife compositions or different
host dynamics, and in turn how to mitigate or reduce risk of HAT to vulnerable communities.
The relative importance of different wildlife species within the HAT reservoir community is
dependent on both the ability of the species to maintain and transmit infection with T. b. rho-
desiense and the rate of feeding of tsetse on the species. Therefore, as has been demonstrated
for other vector-borne diseases [12,13], the host contact rates of tsetse are particularly impor-
tant in determining the transmission potential of the community, and essential in understand-
ing HAT maintenance and human disease risk.
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Whilst a number of studies have focused on identification of host species in tsetse blood-
meals [14,15], almost none have assessed tsetse feeding preferences alongside host density. A
notable exception is a study conducted in 1959 by Lamprey and others [16], which assessed
host densities and analysed tsetse bloodmeals using serologicalmethods, but was limited in
study area and sample size.Whilst host density has been incorporated in studies for some vec-
tor-borne diseases, leading to good understanding of the dynamics of the system (for example
for West Nile Disease [13], or Lyme Disease [17]), assessing vector feeding preferences without
considering host density is not unusual in vector-host contact studies. Previous studies have
indicated that tsetse are strongly selective, feeding predominantly on a small number of species,
which has been linked to various ecological, physiological and behavioural reasons [18,19].
However, assessing tsetse feeding in the absence of information on host density leaves several
key gaps. First, no information is gained on the hosts that are present, potentially in high densi-
ties, that are not fed on. Identifying these species is of value in further understanding the driv-
ers that determine the diet of tsetse. Second, without knowing what other species are present, it
is hard to make predictions about how feeding patterns might change, if host composition is
altered. This is especially important if we wish to predict the effect of changes in host diversity,
such as those associated with habitat fragmentation or declines of particular species, on disease
incidence. Third, host density is a key parameter in development of models of disease dynamics
in multi-host ecosystems, which is important in developing effective strategies for control, in
this case to reduce human disease risk.
In the Serengeti National Park (SNP), Tanzania, savannah and woodland areas support
large populations of the tsetse speciesG. swynnertoni and G. pallidipes [20,21] as well as
numerous and diverse wildlife populations. Cases of HAT have been reported in this area for
over one hundred years [22], with more recent cases in both the local population and tourists
leading to continuing public health concerns[23,24]. Early bloodmeal studies in SNP using
serological techniques identifiedwarthog and buffalo as important hosts of G. swynnertoni
[20,25]. More recently, sequence-based techniques have proved successful at identifying hosts
of G. pallidipes and G. swynnertoni [26]. Previous serological-based techniques required antise-
rum to be raised against each species likely to be present, which was a significant obstacle to
identifying unexpected or unusual host species and often meant hosts could not be identified
to a species level. These new approaches, combined with analysis of host species densities, pro-
vide an exciting opportunity to refine previous findings.
The aims of this study were to assess the contribution of different wildlife host species to the
diet of G. pallidipes and G. swynnertoni in SNP using sequence-basedmethods, and to quantify
the degree of host selection and avoidance of G. swynnertoni and G. pallidipes by comparing
bloodmeal sources with the relative densities of wildlife host species.
Methodology
Study Site
All activities were approved by the Tanzania Wildlife Research Institute, Tanzania National
Parks and Tanzania Commission for Science and Technology (permit numbers 2005–102-CC-
2005-07, 2006-143-ER-2005-07, 2007-163-ER-2005-07). Sample sites in SNP were stratified by
vegetation type in order to obtain variety in wildlife host density and composition. Using the
grid analyst extension in ArcView GIS 3.2 (ESRI), a 1km2 grid was overlaid on the map,
extending in a circle with radius 20km and the centre in Seronera, where fly processing was car-
ried out (Fig 1). Each square was classified by the predominant vegetation type(s): grassland;
savannah; open woodland; or dense woodland. For one type to be classified as predominant, it
comprised over 90% of the pixels in the grid square. For two predominant types, each type
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PLOS ONE | DOI:10.1371/journal.pone.0161291 October 5, 2016 3 / 19
comprisedmore than 30% of the square, with no other type more than 10%. A buffer was
added to select only grid squares within 1km from a road, to allow quick transportation of flies
back to the laboratory in Seronera. Although the proximity to roads may introduce bias into
the sampling, it was logistically impossible to repeatedly visit sites less accessible than this. Two
grid squares were randomly selected in each of the following vegetation types using a random
number generator to give a total of six study sites: savannah, open woodland, and mixed savan-
nah and open woodland. No sampling was conducted in thick woodland because vehicle access
was not possible. No sampling was conducted in grassland areas as pilot sampling indicated
too few tsetse would be caught for meaningful analysis.
Bloodmeal collection
The collection of tsetse bloodmealswas part of a study in which tsetse were dissected to look
for the presence of trypanosomes [21]. Tsetse sampling was conducted betweenAugust and
October 2006 in collaboration with the Tsetse and Trypanosomiasis Research Institute, Tanga,
Tanzania. In each site, three Epsilon traps [27] were installed for between five and eleven days,
depending on trap catches. Each trap was situated at least 200m from the next, erected in mot-
tled shade to reduce fly mortality, baited with 4-methylphenol (1 mg/h), 3-n-propylphenol (0.1
mg/), 1-octen-3-ol (0.5 mg/h) and acetone (100 mg/h)[28]and emptied twice daily. For any
flies with evident bloodmeals, the midgut was dissected out and smeared onto one circle of a
FTA Classic Card (Whatman) using the edge of a microscope slide. Smears were allowed to dry
then stored at room temperature in foil envelopes with desiccant. The species and sex of the fly
was recorded.
Fig 1. Map of study sites in Serengeti National Park, Tanzania. The map shows an outline of the
protected area boundaries of Serengeti National Park (SNP), Grumeti, Ikorongo and Maswa Game
Reserves (GR) and Ngorongoro Conservation Area (NCA), within Northern Tanzania.
doi:10.1371/journal.pone.0161291.g001
Quantifying Tsetse Host Choice
PLOS ONE | DOI:10.1371/journal.pone.0161291 October 5, 2016 4 / 19
Wildlife density
The density of large mammal species in each study site was estimated using data on wildlife
observations recorded from driving line transects and analysed using Distance software [29].
This method has been considered the most appropriate for assessing density of large mammal
species occurring at low to moderate densities in Maasai Mara in Kenya, which is part of the
Serengeti Ecosystem [30]. Three parallel 3km transects were driven in each study site, centred
on the grid square. In some areas, geographical features (such as rivers or thick bush) meant it
was not possible to drive the entire transect length, so reduced transects were used. Transects
were established using a hand held GPS (Garmin) to follow a grid line and driven by vehicle.
With one exception where woodlandwas otherwise too thick to penetrate (part of a transect
in one study site only), they did not follow roads. Each transect was repeated twice monthly
betweenDecember 2005 and July 2007 between 07.00 and 10.00. Whenever animals were
observed, the perpendiculardistance to the centre of the group was measured using a range
finder and the species and number of animals in the group was confirmed using binoculars
and recorded.
The data indicated that the density of wildebeest, zebra and Thomson's gazelle (see S1 Table
for scientific names) in each study site increases acutely for somemonths, associated with sea-
sonal migration [31]. These months did not coincide with the months when the tsetse blood-
meal samples were collected. Therefore, months when large numbers for these migrating
species were present were excluded from the analysis.
Exact distances were used for density analysis. Histograms of the distance observations
were examined to check for obvious violations of the assumptions. The distance data were
truncated to remove the highest distances, which can be difficult to model; 5–10% of distance
observationswere truncated depending on the species [32]. For each species, the detection
function was modelled using the half-normal, uniform and hazard rate functions provided in
Distance and the function chosen which best fitted the data, based on Akaike information cri-
terion (AIC), goodness of fit tests, biological plausibility and the shape of the data histogram
[32]. Cosine, simple and hermite polynomial adjustments were added sequentially where nec-
essary, based on the corrected AIC. Global detection functions were used in preference to
study site specific detection functions, as for the majority of cases the summed AIC of each
stratum detection functionwas higher than the AIC from global detection functions [32].
Exact cluster sizes were used. The logarithm of cluster size was regressed against the detection
probability to correct for any size distance bias, unless the regression was not significant at
0.15, in which case the mean cluster size was used for density estimation [32].Cluster size was
estimated per study site when sufficient observationswere present for each site, or it was bio-
logically plausible that the cluster size rate could differ between sites; otherwisemean cluster
size was used.
Since the transects were used only to assess the density within the 1km grid square of inter-
est, the variance in the spatial variability of the encounter rate was not included in the variance
estimates, but only the variance in cluster size and detection probability [29].Confidence inter-
vals were calculated in Distance using a Poisson model with over-dispersion set to 0 [29].
Bloodmeal analysis
DNA was eluted from the FTA cards for amplification as follows: two 2mm discs were cut out
of each FTA card sample, discs were washed for two 15 minute washes with FTA wash, fol-
lowed by two 15 minute washes with 1xTE buffer. Discs were dried at 37°C for 30 minutes.
50μl of 5% (w/v) chelex suspension was added to each tube, and tubes were incubated for 30
minutes at 90°C [33].
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Bloodmeals were identified following the protocols describedby Muturi et al. [26]. Blood-
meal hosts were identified by amplification of a 359bp fragment of the mitochondrial cyto-
chrome b gene, using primers Cb1 and Cb2. PCR amplification was carried out in 25μl
reactions containing 5μl Supertaq PCR buffer (HT Biotechnologies, Cambridge, UK) (10mM
TrisHCl, 50mMKCl, 1.5mMMgCl2, pH8.3), 1μM of each primer (synthesized by Integrated
DNA Technologies), 800μM total dNTPs, 0.7IU of Biotaq Red DNA polymerase (Bioline Ltd,
London, UK) and 1 μl of eluted DNA. PCR was carried out in a Dyad Peltier thermal cycler
under the following conditions: 95°C for 10 minutes, 35 cycles of 94°C for 30 seconds, 52°C for
30 seconds, 72°C for 45 seconds, followed by a final extension of 72°C for 5 minutes. Products
were visualised on a 2% (w/v) agarose gel. If a clear band was present, it was excised and the
DNA extracted using a QiagenMinelute kit following the manufacturer’s instructions (Qiagen).
ExtractedDNA was submitted for bidirectional sequencing using the amplification primers
(GATC Biotech).
Sequence analysis
Sequence quality was assessed visually in Bioedit [34]. Forward and backward sequences were
aligned and consensus sequences created. Two methods of species identification were used.
First, sequences were compared to published sequences in the NCBI database using BLAST
(Megablast); those that showed a clear match with existing sequences and a shared similarity of
97% or greater were assigned a species identification. Second, reference sequences were identi-
fied in Genbank for species likely to be present, and a reference database created. Species
included were all larger mammal species [35], along with four small rodent species, four reptile
species and three bird species. Sequences were available for all species except Dendrohyrax
arboreus (tree hyrax) for which the closely related Dendrohyrax dorsalis (Western tree hyrax)
was used instead. Reference sequences for Otocyon megalotis and Galarella sanguinea could
not be aligned and were excluded. Reference sequences forHeterohyrax brucei and Bitis arie-
tans did not cover the entire sequence length but were still included in the alignment. Species
included in the reference database and accession numbers of reference sequences used are pro-
vided as supporting information, and are listed in S1 Table. All bloodmeal sequences of suffi-
cient quality to align were included in an alignment with the reference database using the
ClustalW [36] accessory application in Bioedit. A neighbour-joining tree was constructed
using Geneious [37] under a Hasegawa-Kishino-Yano (HKY) [38] model of substitution. Spe-
cies identifications were assigned if a sequence clearly clustered within a group with a reference
species. Sequences that did not definitively sit within a group were not assigned a species iden-
tification. A binomial logistic regression was used to look for significant differences in blood-
meal identification rate between tsetse species, sex or study site.
Analysis of feeding indices
Feeding indices were calculated using methods based on forage ratios, as describedpreviously
[13,39,40],
wi ¼
proportion of host species i in blood meals
proportion of host species i in environment
¼
oi
pi
Where oi was the proportion of bloodmeals from species i out of the total bloodmeals for each
study site and pi was the density of species i out of the total density of the species identified in
each study site. Values of wi above 1 indicate hosts are selectedmore frequently than would be
expected through random selection.Values of wi between 0 and -1 indicate hosts are avoided.
Some species were present in a study site but never identified in a bloodmeal. These were given
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the bloodmeal value of 0.5 as describedpreviously [13]. If this resulted in a feeding index above
1 (which arose if the density was very low), the bloodmeal value was set at 0, i.e. no preference
or avoidance was expressed. This conservativemeasure meant that a number of species were
not assigned a feeding index value, but avoided giving artificially inflated and meaningless val-
ues. Some hosts were identified in bloodmeals, but were not detected by transect surveys, i.e.
the density was below the level of detection. These species were given the same density as the
lowest density found for any species [39],which was 0.2/km2.
To test whether the feeding index,wi, was significantly different from 1, P values were calcu-
lated based on 10000 simulations from a multinomial distribution to compare the observed fre-
quency of feeding for each species with the null hypothesis (the expected frequency if feeding
occurred in proportion to the density) for each study site (as in [41]). P values less than 0.05
were considered significant.
All statistical analyses were conducted in R (www.R-project.org).
Results
Bloodmeal analysis
Bloodmealswere obtained from 304 G. swynnertoni and 89 G. pallidipes. For G. swynnertoni,
244 samples generated PCR products for sequencing.Of these, 205 sequencesmatched pub-
lished sequences in Genbank on BLAST search with 97% similarity or higher (67% of the
bloodmeal samples). Out of the 244, 18 sequences were not of sufficient length or quality to
include in an alignment; the remaining 222 sequences were aligned for cluster analysis. By clus-
ter analysis, 220 were identified (72% of samples). Two sequences were included in the align-
ment but did not cluster with any reference sequence or each other. From the chromatograms,
these were both observed to be poor quality sequences. Sixty-five samples from G. pallidipes
generated PCR products for sequencing.Of these, 36 were identified using the BLAST
approach (40% of samples). Nineteen were not of sufficient length or quality to include in an
alignment. Of the 46 aligned for cluster analysis, all were identified (52% of samples). For both
G. swynnertoni and G. pallidipes, the cluster analysis confirmed all identifications by BLAST
searching. Additional samples identified by cluster analysis were distributed across the com-
monly identified species, and did not alter the general patterns obtained, for example they did
not suggest that particular species or groups of species had been systematically non-identified
by the BLAST method. Therefore, the results of the cluster analysis method were used for fur-
ther analyses, since it provided a better identification rate. The difference in the proportion of
samples successfully identified betweenG. swynnertoni and G. pallidipes was significant
(p<0.001, χ21 = 12.9). There was no difference in identification success by sex (p = 0.37, χ21 =
0.80) or study site (p = 0.089, χ25 = 9.55) when these were included in a logistic regression anal-
ysis alongside tsetse species. Genbank accession numbers for the bloodmeal samples that were
matched to>97% in BLAST searches are listed in S2 Table.
The proportions of bloodmeals identified as each wildlife species are shown in Fig 2. For G.
swynnertoni, warthog, buffalo and giraffemade up a large proportion of bloodmeals (combined
total of 85% of bloodmeals identified)with warthog being the most commonly identified (43%
of bloodmeals identified). For G. pallidipes, buffalo DNA was most common (57%), with giraffe
and elephant also important (combined total of 83% of bloodmeals identified). In three study
sites, two or less G. pallidipes were found. In the three sites where both tsetse species found, the
proportion of bloodmeals from G. swynnertoni were giraffe (39%), warthog (26%) and buffalo
(17%). The proportion of bloodmeals derived from each wildlife species, for each study site, is
shown in Table 1. There were no statistically significant differences in the hosts identified from
male and female tsetse bloodmeals.
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Wildlife Density
In total, over 3400 individual observationswere recorded (one observation refers to either a
group of animals or an individual animal). During the study period, transects were driven in
each study site between 34 and 36 times. In May 2006 and May 2007 access was impossible due
Fig 2. Wildlife hosts identified in bloodmeal samples. The graphs show the percentage of bloodmeals identified per
species, out of the total identified samples for (a) Glossina swynnertoni and (b) G. pallidipes. The number of samples
identified as each species is shown (n), out of a total of 220 and 46 samples identified for G. swynnertoni and G. pallidipes,
respectively. Error bars show 95% binomial confidence intervals.
doi:10.1371/journal.pone.0161291.g002
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to the long rains, and in August 2006 one or two transects were missed in five study sites due to
logistical constraints.
For 12 species, the number of observations recorded was sufficient to estimate the density in
each study site (Tables 2 and 3). For baboon, elephant, and reedbuck the numbers of sightings
were sufficiently low (between 40 and 70 after truncation) such that global densities were used
rather than calculating a density value for each study site. Bat-eared foxes and black-backed
jackals were analysed together to give a global density for small canids. Lions, cheetah and leop-
ard were analysed together to give a global density for large felids. In addition, a number of
other species were seen but the number of observationswas too low to assess density (<40) so
these species were excluded from analysis. Species densities by study site are shown in Table 4.
Two species were identified as bloodmeal sources but not observedon transects in sufficient
numbers to give a density estimate: hippopotamus and eland. The value of the lowest density
identified (0.2 animals/km2) was therefore assigned to hippopotamus and eland. For hippopot-
amus, one study site was known to have a high density of hippopotamus due to its proximity to
a large pool. The hippopotamus density was not reflected in the distance data since hippopota-
mus are nocturnal, and transects were only conducted by day. The density of hippopotamus in
rivers in nearby Maasai Mara was therefore used for this study site [42].
Table 1. Distribution of tsetse bloodmeals identified by host species.
Glossina swynnertoni Glossina pallidipes
Study site 1 2 3 4 5 6 1 2 3 4 5 6
n % n % n % n % n % n % n % n % n % n % n % n %
Baboon 0 0 0 0 1 1.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Birds 0 0 3 6.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Buffalo 0 0 13 24.5 2 3.8 21 51.2 10 66.7 2 11.1 2 14.3 0 0 0 0 1 50 17 94.4 6 54.5
Dikdik 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eland 0 0 0 0 4 7.7 1 2.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Elephant 7 17.1 0 0 0 0 2 4.9 1 6.7 0 0 4 28.6 0 0 0 0 0 0 1 5.6 0 0
Giraffe 18 43.9 3 5.7 6 11.5 10 24.4 2 13.3 7 38.9 7 50 0 0 0 0 1 50 0 0 1 9.1
Grant’s gazelle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Hartebeest 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Hippopotamus 0 0 0 0 0 0 0 0 0 0 7 38.9 0 0 0 0 0 0 0 0 0 0 2 18.2
Hyaena 1 2.4 0 0 2 3.8 1 2.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Impala 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Large felids 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Reedbuck 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Small canids 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Thomson’s gazelle 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Topi 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Warthog 14 34.1 33 62.3 37 71.2 6 14.6 2 13.3 2 11.1 1 7.1 1 100 0 0 0 0 0 0 1 9.1
Wildebeest 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zebra 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Other 1 2.4 1 1.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 9.1
Total 41 53 52 41 15 18 14 1 0 2 18 11
Number (n) of bloodmeal samples identified as each species, for each of six study sites, and the proportion (%) out of total identified samples for a) Glossina
swynnertoni and b) G. pallidipes. Denser colour indicates more blood meals identified.
doi:10.1371/journal.pone.0161291.t001
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Table 2. Models chosen for distance analysis of 17 wildlife species or groups of species most commonly sighted during transects.
Species Number of observations after
truncation
Detection function
model
Cluster size estimate Density estimate
Global or Stratum
level
Mean or
regression
Global or Stratum
level
Baboon 40 half normal global mean global
Buffalo 253 half normal stratum regression stratum
Dikdik 93 hazard global mean stratum
Elephant 55 half normal global mean global
Giraffe 197 uniform (2nd order
cosine)
stratum mean stratum
Grant’s gazelle 92 uniform (1st order
cosine)
stratum mean stratum
Hartebeest 160 half normal stratum mean stratum
Hyaena 95 hazard global mean stratum
Impala 440 half normal stratum mean stratum
Large felids 40 hazard global mean global
Reedbuck 43 half normal global mean global
Small canids 66 hazard global mean global
Thomson’s
gazelle
426 half normal stratum regression stratum
Topi 119 half normal stratum mean stratum
Warthog 249 hazard stratum mean stratum
Wildebeest 71 half normal stratum regression stratum
Zebra 235 half normal stratum mean stratum
doi:10.1371/journal.pone.0161291.t002
Table 3. Density of wildlife host species in six study sites.
Species Density by study site (animals per km2)
1 2 3 4 5 6
Baboon 2.4 (1.7–3.4) 2.6 (1.8–3.7) 2.6 (1.8–3.7) 2.6 (1.8–3.7) 2.6 (1.8–3.7) 2.6 (1.8–3.7)
Buffalo 7.1 (2.7–19) 9.1 (3.9–21.9) 4.4 (3.0–6.4) 7.1 (5.2–9.7) 8.1 (6.4–10.1) 10.9 (8.5–14.0)
Dikdik 0 1.8 (1.4–2.3) 2 (1.6–2.7) 3.2 (2.5–4.2) 4.6 (3.5–6.1) 15.3 (11.6–20.0)
Elephant 2.4 (1.9–3.2) 2.4 (1.9–3.2) 2.4 (1.9–3.2) 2.4 (1.9–3.2) 2.4 (1.9–3.2) 2.4 (1.9–3.2)
Giraffe 2.5 (1.7–3.7) 3.1 (2.5–4.0) 4.7 (3.6–6.2) 2.7 (2.1–3.6) 6.3 (5.3–7.5) 5.1 (4.0–6.4)
Grant’s gazelle 2.4 (1.8–3.3) 4.2 (3.3–5.3) 2.7 (1.6–4.4) 0.09 (0.03–0.26) 0.3 (0.08–1.1) 0
Hartebeest 1.5 (0.96–2.5) 5.4 (4.3–6.8) 7 (5.2–9.5) 3.4 (2.4–4.8) 1.1 (0.63–1.8) 0.24 (0.0001–399)
Hyaena 5.4 (3.6–8.1) 1.5 (1.0–2.2) 1.5 (1.0–2.3) 1.1 (0.73–1.7) 0.29 (0.19–0.43) 0.9 (0.6–1.3)
Impala 1.8 (0.72–4.4) 22.5 (18.0–28.2) 47.6 (36.9–61.4) 35.7 (28.7–44.5) 47.4 (39.9–56.3) 83 (68.6–100.4)
Large felids 1.4 (0.78–2.6) 1.4 (0.78–2.6) 1.4 (0.78–2.6) 1.4 (0.78–2.6) 1.4 (0.78–2.6) 1.4 (0.78–2.6)
Reedbuck 1.2 (0.94–1.5) 1.2 (0.94–1.5) 1.2 (0.94–1.5) 1.2 (0.94–1.5) 1.2 (0.94–1.5) 1.2 (0.94–1.5)
Small canids 2.8 (2.0–4.0) 2.8 (2.0–4.0) 2.8 (2.0–4.0) 2.8 (2.0–4.0) 2.8 (2.0–4.0) 2.8 (2.0–4.0)
Thomson’s gazelle 15.7 (11.9–20.8) 16.1 (12.1–21.4) 31.9 (23.1–43.9) 9.2 (6.4–13.2) 6.7 (3.7–12.1) 4.1 (2.6–6.6)
Topi 2.3 (1.6–3.3) 5.7 (4.5–7.3) 3.9 (2.8–5.5) 0.85 (0.49–1.5) 0.93 (0.6–1.5) 0.55 (0.0002–140.6)
Warthog 5 (3.6–6.8) 5.7 (4.3–7.7) 11.1 (8.0–15.3) 5.9 (4.3–8.0) 3.1 (2.2–4.5) 7 (5.1–9.5)
Wildebeest 14.5 (4.3–48.9) 4 (1.9–8.3) 9.9 (5.5–18.0) 4.1 (1.5–11.5) 23.2 (15.8–33.9) 0.99 (0.11–8.8)
Zebra 10.4 (5.2–20.8) 8.9 (6.9–11.4) 18.6 (12.8–27.2) 10.3 (6.6–16.2) 12 (9.4–15.4) 16.2 (6.6–40.0)
Density of wildlife species most commonly sighted in transects, per km2, with 95% confidence intervals in parentheses.
doi:10.1371/journal.pone.0161291.t003
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Host feeding preference
For G. swynnertoni, bloodmealswere taken preferentially from warthog and giraffe in every
study site (statistically significant at p<0.05 in 3/6 and 4/6 study sites respectively). Buffalo, ele-
phant and eland were also significantlymore frequently fed on in some study sites. A number
of species were never identified in bloodmeals, despite comprising a large proportion of the
wildlife hosts available, particularly impala, Thomson's gazelle, zebra and wildebeest (statisti-
cally significant in 5/6, 4/6, 4/6 and 1/6 study sites respectively, Fig 3a). For G. pallidipes, buf-
falo, elephant and giraffe were significantlymore frequently fedon in at least one study site.
Impala, Thomson’s gazelle and wildebeestwere not fed on (Fig 3b).
Discussion
This is the first study to have quantified the host contact rates of tsetse by combining molecular
analysis of bloodmealswith robust contemporaneous measures of host species density. Identifi-
cation of tsetse hosts across six study sites in Serengeti National Park, Tanzania, exhibiting
local differences in wildlife species composition, allowed quantification of the degree of host
selection and avoidance of G. swynnertoni and G. pallidipes, which is a key factor in determin-
ing the transmission potential of the host community.
Analyses of bloodmeals throughmatching of cytochrome B sequences successfully identi-
fied host species in 72% of samples from G. swynnertoni and 52% of samples from G. pallidipes.
A major disadvantage of serological techniques previously used (for example [14]) was the
need to raise antisera from putative host species. Sequence-basedapproaches avoid this issue
Table 4. Host species composition at different study sites.
Study site 1 2 3 4 5 6
d % d % d % d % d % d %
Baboon 2.6 3.3 2.6 2.6 2.6 1.7 2.6 2.8 2.6 2.1 2.6 1.4
Buffalo 7.1 8.9 9.1 9.2 4.4 2.8 7.1 7.5 8.1 6.5 10.9 5.7
Dikdik 0.0 0.0 1.8 1.8 2.0 1.3 3.2 3.4 4.6 3.7 15.3 8.0
Eland 0.2 0.3 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.1
Elephant 2.4 3.1 2.4 2.5 2.4 1.6 2.4 2.6 2.4 1.9 2.4 1.3
Giraffe 2.5 3.1 3.1 3.1 4.7 3.0 2.7 2.9 6.3 5.0 5.1 2.7
Grant’s gazelle 2.4 3.0 4.2 4.2 2.7 1.7 0.1 0.1 0.3 0.2 0.0 0.0
Hartebeest 1.5 1.9 5.4 5.5 7.0 4.5 3.4 3.6 1.1 0.9 0.2 0.1
Hippopotamus 0.2 0.3 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 36.0 18.9
Hyaena 5.4 6.8 1.5 1.5 1.5 1.0 1.1 1.2 0.3 0.2 0.9 0.5
Impala 1.8 2.3 22.5 22.8 47.6 30.5 35.7 37.8 47.4 38.0 83.0 43.5
Large felids 1.4 1.8 1.4 1.4 1.4 0.9 1.4 1.5 1.4 1.1 1.4 0.7
Reedbuck 1.2 1.5 1.2 1.2 1.2 0.8 1.2 1.3 1.2 1.0 1.2 0.6
Small canids 2.8 3.5 2.8 2.8 2.8 1.8 2.8 3.0 2.8 2.2 2.8 1.5
Thomson’s gazelle 15.7 19.8 16.1 16.3 31.9 20.4 9.2 9.7 6.7 5.4 4.1 2.1
Topi 2.3 2.9 5.7 5.8 3.9 2.5 0.9 0.9 0.9 0.7 0.6 0.3
Warthog 5.0 6.3 5.7 5.8 11.1 7.1 5.9 6.2 3.1 2.5 7.0 3.7
Wildebeest 14.5 18.3 4.0 4.0 9.9 6.3 4.1 4.3 23.2 18.6 1.0 0.5
Zebra 10.4 13.1 8.9 9.0 18.6 11.9 10.3 10.9 12.0 9.6 16.2 8.5
Total 79.5 98.9 156.2 94.5 124.9 190.9
The density (d) of host species per square km, and proportion (%) out of total density of all species assessed at six study sites. Denser colour indicates
higher density.
doi:10.1371/journal.pone.0161291.t004
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Fig 3. Feeding indices illustrate selection or avoidance of host species by Glossina swynnertoni and
G. pallidipes. Feeding indices by species and study site on a log scale. Graded colours show the feeding
index at each of 6 study sites. Values above 1 indicate a host is selected, values below 1 indicate a host is
avoided, by (a) G. swynnertoni and (b) G. pallidipes. Stars indicate significance at p<0.05.
doi:10.1371/journal.pone.0161291.g003
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and can identify any species for which reference sequences are available in Genbank. In this
study sequences were available for the great majority of mammalian species likely to be present.
Bloodmeal sequences that did not find close matches on BLAST searches could still be identi-
fied in many cases by alignment with available sequences from the species likely to be present.
This, as well as the fact that two sequences that could not be identifiedwere both poor quality
sequences, suggested that non-identificationwas more likely to occur due to poor sequence
quality than systematic non-identification of particular species.
Direct comparison of the rates of identification using sequence-basedapproaches cannot be
made due to the lack of information within the academic literature on similar studies in tsetse.
However, the proportion of samples successfully identified in our study is reasonably consistent
with similar sequence-based techniques in different host vector systems for G. swynnertoni, but
somewhat low for G. pallidipes. Successsful identifications were reported for 85% of bloodmeals
from Culicoides species [43] and hosts were identified in 70% of mosquito bloodmeals [40].
Potential reasons for non-amplification include a lack of sufficient geneticmaterial and failure
of primers to recognise and amplify host material in tsetse flies. Bloodmeals takenmore than 33
hours before sampling do not present a good template for DNA amplification [44]. Therefore
the absence of target material may be due to either a small bloodmeal sample, or an extended
time period between ingestion and sampling leading to degradation of the geneticmaterial in
the bloodmeal during the digestion process. In addition, use of FTA cards for preserving blood
meal samples has not been assessed and may affect identification success, compared to preserva-
tion methods reported in other studies (for example DNA extraction from fresh tissue as in
[45]). Reasons for lower identification success in G. pallidipes compared to G. swynnertoni are
not clear. Failure to identifyG. pallidipes samples occurreddue to both failure to amplify, and
generation of sequences of insufficient length or quality to be aligned. The wide availability of
reference sequences for potential hosts makes it unlikely that G. pallidipes feed on a species that
was not identified. There may be behavioural differences in G. pallidipes, for example to do with
feeding intervals or bloodmeal size, that affect the likelihoodof successful identification.
Double peaks were observedon some sequence chromatograms. These double peaks are
likely to be associated with the presence of DNA frommultiple hosts; this observation has been
made previously [40,43,46]. These may represent the genetic remains of a previous bloodmeal
(which could be 2–3 days old or longer), or interrupted feeding on more than one host species.
In the future, use of tagged amplicon next generation sequencing approaches could allow better
identification of multiple hosts [47].
The hosts most commonly identified from G. swynnertoni in this study are consistent with
those found in the most recent large scale study in SNP in 1970, which used a haemaglutination
method [20]. In this study, buffalo (27%), warthog (26%), giraffe (12%) and elephant (6%)
were identified as the most important hosts [20]. In addition a wide range of hosts were identi-
fied that were found infrequently [20]. The relative importance of each species differs some-
what in our dataset, which may reflect changes in wildlife population size over the last 50 years;
for example the buffalo population in the Serengeti ecosystemwas estimated at 25000 in 2009
[48] compared to over 60000 in 1970s [49]. Our study found that althoughG. swynnertoni
does have clear preferred hosts, they are also opportunistic feeders that can feed on a range of
species. Tsetse have been identified feeding on birds [20,25,50] but most earlier studies, using
serological techniques, identifiedmeals simply as avian. The use of sequence data in this study
allowedmore accurate identification of species, withG. swynnertoni observed to have fed on
kori bustard, ostrich and guinea fowl.
Bloodmeal feeding patterns have not previously been reported in SNP for G. pallidipes in
large enough numbers to draw conclusions [20]. Studies in other ecosystems identified buffalo,
bushbuck, warthog and bushpig to be the most important hosts for G. pallidipes [14,51].
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Although both the number of samples collected and bloodmeals identified in this study were
also small (46 sequences identified), they shed more light on the feeding patterns of G. palli-
dipes, with buffalo forming majority of meals (57%), and giraffe (20%) and elephant (11%) also
commonly identified.
For G. swynnertoni, warthog and giraffe were fed on preferentially in every study site,
despite the relatively low density of these species.Warthog were fed on between two and 11
times more frequently than would be expected based on density; giraffe between two and 15
times more frequently. Elephant, eland and buffalo were also identifiedmore often than would
be expected (although it was not possible to estimate density of eland so this result should be
interpreted with caution).G. pallidipes fed on buffalo, elephant and giraffe over other more
common species. Neither G. swynnertoni nor G. pallidipes were found to feed on wildebeest,
zebra, Thomson’s gazelle and impala, despite these four species being found at the highest den-
sities when considered across the study sites. Other common antelope species, such as harte-
beest, topi and Grant’s gazelle were also not identified in bloodmeals.
One aim of this study was to assess the correlation betweenwildlife abundances and tsetse
feeding patterns. The differences between the measured density of wildlife species compared to
the ‘abundance’ observedby tsetse when feeding could help to identify how tsetse feeding
choices are made. A number of ecological, physical and behavioural mechanisms have been
identified that influence host choice by tsetse. Savannah tsetse locate their hosts through a com-
bination of long-range responses to host odours and short range responses to visual cues [52].
Host odours do not seem to influence feeding behaviour, as with the exception of human,
odours from different host species appear to be equally attractive; although larger animals will
produce comparatively greater doses of odour and hence attract more flies [18,19,53]. The
probability of an attracted tsetse landing and feeding on a host is strongly related to the host’s
defensive behaviour; feeding rates are reduced on animals that display high rates of skin rip-
pling, kicking and tail-flicking in response to biting flies [54,55]. These defensive behaviours
pose a risk to feeding tsetse and the avoidance of feeding on ‘risky’ hosts is thought to be an
important driver of host selection behaviour [56]. Impala, despite their preference for wooded
areas where tsetse are plentiful, display high rates of defensive behaviour (such as skin rip-
pling), which prevents tsetse from feeding successfully [54]. Visual factors influencing attrac-
tiveness to tsetse have also been described,with the low feeding rate on zebra being ascribed by
some authors to coloration [57–59]. Avoidance of tsetse habitat by particularwild hosts, or at
times of day when tsetse are most active, could also be mechanisms for tsetse avoidance. How-
ever, this study assessed host density and tsetse feeding preferences in the same areas at a
detailed level and at similar times of day, confirming that the host species considered were all
found in areas where tsetse were abundant. The analysis in this study was also repeated using
biomass (density x weight) instead of density alone. Qualitatively this did not change the pat-
tern for any species other than elephant, which was then fed on less than expected for its bio-
mass. Giraffe was fed on preferentially in 3 out of 6 sites. Warthog, buffalo, hyaena and eland
were still fed on more than would be expected, and wildebeest, zebra, impala and Thomson’s
gazelle less than would be expected.Although size is likely to play a role, for example by gener-
ating more odours, it is not sufficient to explain tsetse feeding behaviour. Aspects of tsetse feed-
ing behaviour have been exploited differently by different host species, which defines the
availability of hosts to tsetse. For example, it seems likely that other antelope species (gazelles,
wildebeest)would also display the defensive behaviour which is thought to limit tsetse feeding
on impala, whilst zebra rely more on visual mechanisms for avoidance. The speciesmore com-
monly fed on (warthog, buffalo, giraffe, elephant) are not related taxonomically but perhaps
share a tolerance to trypanosome infections that has reduced pressure for evolution of the vari-
ous avoidance mechanisms relied by other species.
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The second aim of this paper was to quantify tsetse-host contact rates to understand trans-
mission of T. b. rhodesiense. G. swynnertoni were found to be feeding on warthog, buffalo and
giraffe at significantly higher levels than would be expected from the density of these species.
Warthog are known to carry a number of trypanosome species, including T. b. rhodesiense
[7,60], with T. b. rhodesiense prevalence of 9.5% found in warthog in Serengeti [7].Their pre-
dominance as tsetse hosts combined with high prevalence of T. b. rhodesiense suggests they may
be of key importance in T. b. rhodesiense transmission. T. b.rhodesiense was recently identified
in buffalo [3] and the finding that bothG. swynnertoni and G. pallidipes actively select buffalo to
feed on suggests they may also be an important part of the transmission community. T. brucei s.
l. has only rarely been identified in giraffe and elephant [7,61–63]. Since over 25% ofG. swynner-
toni bloodmeals are from giraffe and elephant, these speciesmay be particularly important as a
host species reducing transmission of T. brucei s.l., possibly acting as ‘dilution hosts’.
Of the species that were rarely fed on, T. brucei s.l. has been found in wildebeest, zebra and
impala [7,62,64,65].T. brucei is only transmitted via tsetse, indicating that although the host-
vector contact rate is low, tsetse clearly do sometimes feed on these species.. It is known that fly
behaviour changes with increasing time between feeds. Tsetse can be assumed to avoid feeding
on some species when the risk of being killed by the host’s defensive behaviour is higher than
the risk of starvation. As a fly’s nutritional reserves decline following a feed, the risk of starva-
tion increases and the relative benefits of feeding on a ‘risky’ host increase. It is likely that the
small numbers of feeds found to contain a range of less commonly fed on hosts occur in cir-
cumstances when tsetse are hungry and therefore feed less selectively [56]. Speculatively, being
rarely fed on may correlate with higher and more detectable parasitaemia, compared to animals
that are constantly exposed to trypanosomes and may be better at controlling infection. It is
possible that these species, though rarely fed on, could still be important in driving transmis-
sion, particularly as hungry flies are also more susceptible to T. brucei infection [66]. Further
data on the prevalence of T. brucei and T. b. rhodesiense in different hosts would be of value to
further evaluate the roles of different wildlife species.
In summary, this study has quantified not only the feeding preferences but also the selection
and avoidance of hosts by G. swynnertoni and G. pallidipes in an area of high host density and
diversity. The extreme selectivity exhibited by these species, along with the ability of the key host
species to maintain and transmit T. b. rhodesiense, drives the epidemiologyof HAT in wilderness
areas. This study highlights the importance of measuring host density when assessing vector
feeding patterns, allowing increased understanding of drivers for both selection and avoidance
by vectors, as well as providing important parameters for modelling system dynamics.
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